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The Duffy blood group locus, which encodes a chemokine receptor, is characterized by three alleles—FY*A, FY*B,
and FY*O. The frequency of the FY*O allele, which corresponds to the absence of Fy antigen on red blood cells,
is at or near fixation in most sub-Saharan African populations but is very rare outside Africa. The FST value for
the FY*O allele is the highest observed for any allele in humans, providing strong evidence for the action of natural
selection at this locus. Homozygosity for the FY*O allele confers complete resistance to vivax malaria, suggesting
that this allele has been the target of selection by Plasmodium vivax or some other infectious agent. To characterize
the signature of directional selection at this locus, we surveyed DNA sequence variation, both in a 1.9-kb region
centered on the FY*O mutation site and in a 1-kb region 5–6 kb away from it, in 17 Italians and in a total of 24
individuals from five sub-Saharan African populations. The level of variation across both regions is two- to threefold
lower in the Africans than in the Italians. As a result, the pooled African sample shows a significant departure
from the neutral expectation for the number of segregating sites, whereas the Italian sample does not. The FY*O
allele occurs on two major haplotypes in three of the five African populations. This finding could be due to
recombination, recurrent mutation, population structure, and/or mutation accumulation and drift. Although we
are unable to distinguish among these alternative hypotheses, it is likely that the two major haplotypes originated
prior to selection on the FY*O mutation.
Introduction
The Duffy blood group locus is characterized by three
main alleles—FY*A and FY*B, which differ by a single
amino acid, and FY*O, which corresponds to the
Fy(a2b2) serological phenotype (i.e., the absence of Fy
antigen). In Asia and the Pacific the FY*A allele is at
high frequency, whereas in Europe and the Americas the
FY*A and FY*B alleles are at intermediate frequencies.
The FY*O allele is at or near fixation in most sub-Sa-
haran African populations but is very rare outside Af-
rica. As a result, the level of interpopulation differen-
tiation of the FY*O allele, as measured by the FST
statistic, is the highest observed for any allele in humans
(Cavalli-Sforza et al. 1994). These findings strongly sug-
gest that the observed pattern of allele frequencies at this
locus has been driven by positive natural selection. This
hypothesis is further supported by the observation that
individuals homozygous for the FY*O allele are com-
pletely resistant to vivax malaria (Miller et al. 1976).
The three major Duffy alleles were originally defined
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serologically and recently have been characterized at the
molecular level. By homology, the Duffy gene product
is a member of the family of chemokine receptors. It is
located in the membrane of red blood cells (RBCs), in
addition to several other cell types, and binds chemo-
kines of both the C-C and C-X-C families, but its phys-
iological function is still unclear (Hadley and Peiper
1997). Plasmodium vivax requires that the Duffy an-
tigen receptor for chemokines (DARC) be present on
the RBC surface, in order to invade the cells and cause
disease. Furthermore, the FY*O mutation has been
identified as a single base change in a GATA1 regulatory
element, resulting in the elimination of transcription of
DARC mRNA in RBCs but not in other cell types (Tour-
namille et al. 1995). Thus, the connection between the
Fy(a2b2) serological phenotype and resistance to vivax
malaria is direct and well understood, providing a plau-
sible hypothesis for the cause of the selective fixation
of the FY*O allele in much of Africa.
Consideration of natural selection is critical for an
understanding of the levels and patterns of variation
across the genome. Figure 1 shows an idealized gene-
alogy under directional selection: a new mutation goes
deterministically to fixation without recombination,
and all branches except the one carrying the mutation
are lost, resulting in a loss of neutral variation linked
to the selected site. This model for the effect of direc-
tional selection on patterns of variation linked to an
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Figure 1 Genealogy of a genomic region affected by a simple
selective sweep. The dashed lines indicate lineages that are lost during
the sweep. Note the difference in shape of the genealogy before and
after the sweep.
advantageous mutation is usually referred to as a “se-
lective sweep.” This process was first modeled by May-
nard Smith and Haigh (1974), who showed that the
extent of the loss of variation is a function of the
strength of selection, which determines the time to fix-
ation, and the rate of recombination. After the sweep
is complete, new mutations start accumulating, but, be-
cause the genealogy is “star-shaped,” there will be a
preponderance of low-frequency variants (Hudson
1990). Thus, this model of directional selection makes
two distinct predictions about patterns of variability:
one prediction is that there will be a reduction of poly-
morphism, and the other prediction is that there is a
skew in the spectrum of allele frequencies.
Although it is clear that directional selection can have
a marked impact on patterns of sequence variation, little
empirical work has been devoted to the characterization
of that impact in humans. Because directional selection
is a fundamental process in speciation and adaptation,
the ability to identify targets of directional selection in
humans is critical to an understanding of the evolution
of our species. Many loci involved in the transition to
anatomically modern humans are expected to have ex-
perienced directional selection on a specieswide basis at
the time of that transition, whereas many other adap-
tations, such as those due to spatial and temporal var-
iation in selection pressures (e.g., climate, exposure to
pathogens, and diet), may have been restricted to par-
ticular populations.
The few published studies of intraspecific sequence
variation for which there has been a prior hypothesis
of directional selection have considered several loci pu-
tatively involved in sexual selection in the fruit fly
(Aguade 1998; Tsaur et al. 1998), abalone (Metz et al.
1998), sea urchin (Metz and Palumbi 1996), and house
mouse (Karn and Nachman 1999), as well as the teo-
sinte branched1 locus in maize (Wang et al. 1999),
which has been under artificial selection during domes-
tication. In none of these studies, however, had the ac-
tual mutation(s) under selection been identified. There-
fore, the Duffy-blood-group locus provides a unique
opportunity to characterize the impact of selection on
patterns of sequence variation, as a function of the dis-
tance from a targeted mutation. In this study, we focus
on variation around the FY*O mutation in sub-Saharan
African populations in which the FY*O allele is virtu-
ally fixed, and we compare the empirical data versus
theoretical expectations based on the simple selective-
sweep model.
Subjects and Methods
Population Samples
Sequence variation was surveyed in five population
samples from sub-Saharan Africa, comprising 5 Beti and
5 Hausa from Yaounde (Cameroon), 5 Mbuti Pygmies
from the Central African Republic, 5 Mandinka from
the Bamako area (The Gambia), and 4 Luo from Sar-
adidi (Kenya); in addition, we sequenced a sample of 17
individuals from central Italy. This study was approved
by the Institutional Review Board of the University of
Chicago.
Sequence Determination
All primers were designed on the basis of the sequence
of bacterial-artificial-chromosome clone bk134P22
(GenBank accession number AL035403), which carries
an FY*A allele. All nucleotide positions mentioned in
this article refer to this sequence. In particular, the num-
ber given in parentheses after a primer sequence is the
position of the 5′ nucleotide of the primer.
PCR products were prepared for sequence analysis,
either by use of the QIAquick PCR purification kit (Qia-
gen) or by treatment with a combination of shrimp al-
kaline phosphatase and exonuclease I (USB). Dye-ter-
minator sequencing was performed with the ABI BigDye
kit, and products were analyzed on an ABI 377 or 3700
automated sequencer. Chromatograms were imported
into SEQUENCHER 3.1.1 (Gene Codes), for assembly
into contigs and identification of polymorphic sites. Dip-
loid sequence was determined, on both strands, for all
individuals.
Analysis of the Duffy Gene Region
In most cases, a 3.2-kb product was amplified by use
of forward primer 5′-GCCCTTCCTTTCCAGAGAGT-
3′ (nucleotide 74119) and reverse primer 5′-TAA-
GAAACCACCCGCTTCAC-3′ (nucleotide 77292). For
some of the individuals, we reamplified a 2.0-kb product
from the 3.2-kb product, by using the following internal
primers: forward, 5′-CCCAAAGTCCCCACTATGTC-3′
(nucleotide 74531); and reverse, 5′-GCCAAGACG-
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Figure 2 Duffy region, showing locations of the sequence surveys, with respect to the FY*O mutation
GGCACCACAAT-3′ (nucleotide 76566). All individuals
were sequenced from nucleotide 74587 to nucleotide
76517. In the course of sequencing the Italian DNAs,
we became aware that there was an excess of homo-
zygotes. The problem was traced to a polymorphism at
the target sequence of the forward primer for the 3.2-
kb product (at nucleotide 74131): we had inadvertent-
ly been doing allele-specific PCR (AS-PCR). Genomic
DNAs were screened for the mismatch, by sequencing,
and the 2.0-kb product was amplified directly from ge-
nomic DNA, for all individuals carrying the mismatch.
The mismatched allele was found in the Italian sample
but not in any of the African samples.
When more than one site was heterozygous in one
individual, haplotype phase was determined through a
combination of approaches. For Beti individuals 16, 18,
and 19, the 3.2-kb PCR product was cloned by use of
the TOPO XL PCR cloning kit (Invitrogen), and two or
more individual clones were sequenced. Haplotypes of
the Mbuti Pygmies and the Luo were inferred to be the
same as that of the Beti having the same genotype, since
(a) both major haplotypes observed in the Beti were
observed in homozygous state in the Mbuti Pygmies and
(b) no new ambiguous genotypes were observed.
Sequences of Italian individuals 4, 5, 8, 10, 11, 12,
13, 14, and 16 were apparently homozygous when 3.2-
kb PCR products were used as the template. These in-
dividuals were subsequently found to be heterozygous
at nucleotide 74131 (see above) and were resequenced
by use of truly diploid 2.0-kb PCR products. How-
ever, the sequence of the AS-PCR product provided hap-
lotype information for these individuals. Italian individ-
uals 1, 7, and 15 are truly homozygous. Haplotypes of
Italian individuals 2, 3, 6, 9, and 17 were determined
by cloning.
Analysis of the Region 5–6 kb 5′ to the FY*O Mutation
Two PCR steps were used to obtain clean amplifi-
cation products for this region. The first round of PCR
used forward primer 5′-ATTTGGGACTCTGGCTGT-
GG-3′ (nucleotide 69524) and reverse primer 5′-CCT-
CACCTGACCACACCCTTC-3′ (nucleotide 71414). A
small amount of the first PCR product was used as
template to amplify a 1.5-kb product, by use of forward
primer 5′-CTGCTGATGTCTTTGCCACAC-3′ (nucle-
otide 69544) and reverse primer 5′-CGCAGGAA-
GCAATGAGATGG-3′ (nucleotide 70994). Because of
a length variation in the product, we sequenced two
noncontiguous regions of this PCR product—
nucleotides 69583–69982 and nucleotides 70283–
70882—to obtain 1 kb of sequence.
Haplotypes for each individual were inferred by the
method of Clark (1990). For example, Beti individual
14, Hausa individual 4, and Hausa individual 17 (whose
genotypes are identical) were assumed to have both one
copy of the haplotype observed in homozygous state in
seven individuals from these populations and a new hap-
lotype present only in heterozygous state. Haplotype in-
formation for the Italian individuals, in whom three hap-
lotypes were observed unambiguously, was inferred in
the same way. Correct assignment of haplotypes in this
region was not critical to any of the analyses performed
on the Italian sample.
Data Analysis
Statistical analyses were performed by the program
DNAsp, version 3.14 (Rozas and Rozas 1997).
Results
To characterize the signature of directional selection on
patterns of variation linked to the FY*O mutation in
sub-Saharan Africans, we surveyed sequence variation
in a 1.9-kb region centered on the position of the mu-
tation defining the FY*O allele and in a 1-kb region 5–6
kb 5′ to the FY*O mutation (fig. 2). These regions were
surveyed in small random samples of individuals from
each of five sub-Saharan African populations in which
the FY*O allele is at or near fixation: the Mandinka
from The Gambia, the Beti and the Hausa from Cam-
eroon, the Mbuti Pygmies from the Central African Re-
public, and the Luo from Kenya. These regions also were
surveyed in a sample of 17 Italians, who were expected
to have only FY*B and FY*A alleles, thus representing
a population not affected by positive selection on the
FY*O allele. One orangutan sequence was determined
Table 1
DNA Sequence Variation in the Duffy Region
SOURCE
SEQUENCE VARIATIONb
5–6 kb
5′ to
FY*O
Mutation Duffy Gene Regionc
666777 777777 77 777777777
999000 444555 55 555555666
568468 788011 33 689999135
906524 179179 33 770159841
647084 440206 78 027565024
Orangutan TCACCC CCCACC CT TTCCG–AAG
Beti:
5a ...... ...... .. C........
5b ...... ...... .. C........
14a ...... ...... .. C........
14b C...T. ...... .. C........
16b ...... ...... .. C........
18b ...... ...... .. C...T....
19b ...... ...... .. C........
16a ...... ...G.. –– CC.......
18a ...... ...G.. –– CC.......
19a ...... ...G.. –– CC.......
Hausa:
4a ...... ...... .. C........
7a ...... ...... .. C..C.....
7b ...... ...... .. C........
15a ...... ...... .. C........
15b ...... ...... .. C.C......
17a ...... ...... .. C........
19a ...... ...... .. C........
19b ...... ...... .. C........
4b C...T. ...... .. C........
17b C...T. ...... .. C........
Mbuti Pygmy:c
1029a ...... ...... .. C........
1029b ...... ...... .. C........
1030a ...... ...... .. C........
1032a ...... ...... .. C........
1030b ...... ...G.. –– CC.......
1031a ...... ...G.. –– CC.......
1031b ...... ...G.. –– CC.......
1032b ...... ...G.. –– CC.......
1036a ...... ...G.. –– CC.T.....
1036b ...... ...G.. –– CC.T.....
Luo:
2Tb ...... ...... .. C........
3Ca ...... ...... .. C........
3Cb ...... ...... .. C........
3Da ...... ...... .. C........
4Ua ...... ...... .. C........
4Ub ...... ...... .. C........
2Ta ...... ...G.. –– CC.......
3Db ...... ...G.. –– CC.......
Mandinka:
258a ...... ...... .. C........
258b ...... ...... .. C........
423a ...... ...... .. C........
423b ...... ...... .. C........
442a ...... ...... .. C........
442b ...... ...... .. C........
Table 1 Continued
SOURCE
SEQUENCE VARIATIONb
5–6 kb
5′ to
FY*O
Mutation Duffy Gene Regionc
666777 777777 77 777777777
999000 444555 55 555555666
568468 788011 33 689999135
906524 179179 33 770159841
647084 440206 78 027565024
511a ...... ...... .. C........
511b ...... ..T... .. C........
684a ...... ...... .. C........
684b ..G... ...... .. C........
Italian:
11a .G.... ...... .. .......G.
1a ...... ...... .. .....T.G.
1b ...... ...... .. .....T.G.
2b ...... ...... .. .....T.G.
5a ...... ...... .. .....T.G.
6a ...... ...... .. .....T.G.
10a ...T.. ...... .. .....T.G.
12a ...... ...... .. .....T.G.
15a ...... ...... .. .....T.G.
15b ...... ...... .. .....T.G.
16a ...... ...... .. .....T.G.
2a ...... ...... .. ..T....G.
6b C..T.. ...... .. ..T....G.
14b ...... ...... .. ..T....G.
3b ...... ...... .. ..T......
7a ...... ...... .. ..T......
7b ...T.. ...... .. ..T......
8a ...T.. ...... .. ..T......
4a ...T.. ...... .. ..T.....A
13a ...... ...... .. ..T.....A
14a ...T.. ...... .. ..T.....A
17a ...... ...... .. ..T.....A
4b C...T. –...T. .. ..T......
5b C...T. –...T. .. ..T......
8b C...T. –...T. .. ..T......
9a C...T. –...T. .. ..T......
10b C...T. –...T. .. ..T......
11b C...T. –...T. .. ..T......
12b C...T. –...T. .. ..T......
9b C...TT –G..TT .. .C.......
13b C...TT –G..TT .. .C.......
16b C...TT –G..TT .. .C.......
3a ...... ...... .. .C....G..
17b ...... ...... .. .C....G..
NOTE.—Nucleotide 75670 is the site of the FY*O mutation. Nucle-
otide 76342 is the site of the FY*A mutation.
a The letters “a” and “b” appended to an individual’s identification
denote the two chromosomes from that individual.
b Haplotypes for sites 69596-70844 were inferred, not determined
experimentally (see the Subjects and Methods section). The singleton G
at 67401 has arbitrarily been assigned to 11a rather than to 11b; if this
region contains a homologue of mouse gene BL2 (see the Results section),
site 68425 would be a silent site in an exon, and all other sites would
be intronic.
c Positions 74794–75670 are noncoding; positions 75872–76180 are
5′ UTR; and positions 76342 and 76514 are replacement polymorphisms.
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to allow both inference of ancestral states at each poly-
morphic site and an estimate of sequence divergence.
The orangutan genotype is homozygous for FY*B, the
ancestral allele (Chaudhuri et al. 1995). The data are
shown in table 1.
Sequence Variation at the Duffy Gene Region
All African individuals sampled were FY*O homo-
zygotes. In the combined African sample (48 chromo-
somes), there were a total of five single-nucleotide poly-
morphisms (SNPs) and one length variant. Two of the
SNPs (at nucleotides 75012 and 75872), as well as the
length variant, are in absolute linkage disequilibrium,
resulting in two distinct haplotypes at intermediate fre-
quency (.3/.7), with no evidence of recombination be-
tween them. Of the 48 African chromosomes surveyed,
44 can be accounted for by these two major haplotypes.
This haplotype structure is surprising for an area affected
by a selective sweep, since only low-frequency variants
are to be expected (see the Discussion, below). The three
remaining polymorphisms are two singletons and a
doubleton, each occurring in a different population.
Both major haplotypes at the Duffy locus were observed
in the Beti, the Mbuti Pygmy, and the Luo, whereas the
Hausa and the Mandinka had only the more common
haplotype. Because only 10 chromosomes were surveyed
per population, the absence of the minor haplotype in
the Mandinka and the Hausa may be due to chance. In
fact, we calculated that, if the minor haplotype occurred
at a frequency !25%, we would have 15% probability
of observing no copies of this haplotype in a sample of
10 chromosomes.
In contrast to the pattern seen at most other loci in
humans (Przeworski et al., in press), which show greater
variability in Africans than in Europeans, the Italian
sample was more diverse than the African sample. In 34
chromosomes there were eight SNPs and two length var-
iants arranged into eight haplotypes requiring at least
two recombination events. In addition to the FY*A/
FY*B amino acid polymorphism, there is an alanine-to-
threonine polymorphism at nucleotide 76514, segregat-
ing within the FY*B allelic class. This variant has been
observed before and has been estimated to occur at a
frequency of ∼16% in Europeans but to be absent in
blacks from South Africa (Olsson et al. 1998). The 20
FY*B chromosomes segregate at five SNPs and one
length variant that do not show variation in the FY*O
and FY*A chromosomes. One length variant (nucleotide
75995) is unique to the FY*A class (14 chromosomes),
but no additional polymorphic sites are observed. Thus,
unlike other nuclear loci, the Duffy locus shows inde-
pendent sets of variation in the African and Italian pop-
ulations: only one polymorphism is shared between the
samples, most likely because of recombination or gene
conversion (see the Discussion, below).
Sequence Variation 5–6 kb 5′ to the FY*O Mutation
For all individuals surveyed at the Duffy gene region,
we also surveyed 1 kb of DNA sequence starting 5 kb
from the site of the FY*O mutation in the 5′ direction
(fig. 2). There is no experimental evidence for functional
genes in this region, although there is significant simi-
larity to a mouse BL2 gene. If this similarity is indeed
due to the presence of a functional gene, 122 nucleotides
of the region surveyed would be in an exon and the
remainder would be in an intron—that is, >90% of the
sites would be expected to be silent. (This exon is the
9th of 10 exons; the putative coding region begins at
nucleotide 42543 and ends at nucleotide 71699). Fur-
thermore, there are, between human and orangutan, no
fixed amino acid differences in this exon. This implies
that it is unlikely that this exon has been a target of
directional selection in humans, but we cannot exclude
the possibility that other portions of this putative gene
have been exposed to positive natural selection.
Similar to what is observed in the region of the Duffy
gene, sequence variation in this region is greater in the
Italian sample, in which five SNPs are observed, three
of which are at intermediate frequency (table 1). Of the
three SNPs observed in the Africans, one is a singleton
in the Mandinka. The other two SNPs are found together
in a haplotype that is common in the Italian sample,
suggesting that they became associated with FY*O al-
leles through a single recombination event with one of
the non-FY*O alleles prior to their disappearance be-
cause of selection.
Levels of Polymorphism and Sequence Divergence
Estimates of polymorphism (p and vw) and of sequence
divergence across both regions are shown in table 2, for
population samples as well as for each allelic class. Un-
der neutrality, p and vw are estimates of the quantity
4Nem, where Ne is the effective population size and m
is the neutral mutation rate. Estimates of m, based on
sequence divergence in humans vis-a`-vis orangutan, are
/site/year and /site/year for the29 291.04 # 10 1.14 # 10
Duffy gene region and the 5–6 kb 5′ region, respectively.
These estimates are within the range that other studies
have reported for this species pair (Bailey et al. 1991;
Nachman et al. 1998), suggesting that the mutation rate
in these regions is not unusual.
In both Africans and Italians, levels of polymorphism
observed at the Duffy gene region and 5–6 kb away are
very similar: at both regions, polymorphism levels are
approximately two to three times higher in Italians than
in Africans. This finding suggests that the signature of
selection around the FY*O site extends over 16 kb. Note
also that, in both regions, the African population sam-
ples that have the highest polymorphism are those for
which there is evidence of recombination, as revealed by
the presence of the same SNPs on both FY*O and FY*B
1674 Am. J. Hum. Genet. 66:1669–1679, 2000
Table 2
Summary Statistics of Population Variation
Na
5–6 kb 5′ TO FY*O MUTATIONb DUFFY GENE REGIONc COMBINED REGIONS
vd pe Df vd pe Df vd pe Df
Beti 10 .71 .36 21.40 .55 .59 .25 .60 .52 .53
Hausa 10 .71 .71 .02 0 0 0 .24 .24 .02
Mbuti Pygmies 10 0 0 0 .55 .74 1.23 .36 .48 1.23
Luo 0 0 0 .40 .44 .41 .26 .29 .41
Mandinka 10 .04 .02 21.11 .18 .09 21.11 .24 .14 21.40
Total FY*O 48 .68 .39 21.22 .58 .46 2.52 .62 .40 .97
Italian 34 1.22 1.43 .44 1.01 1.25 .67 1.08 1.31 .68
Total FY*A 14 )g .16 .19 .32 )g
Total FY*B 20 )g 1.02 1.23 .68 )g
Divergence
(%)
Human-orangutan 3.2 2.9 3.0
a N = number of chromosomes.
b A total of 1,000 sites were surveyed.
c A total of 1,931 sites were surveyed.
d Watterson’s (1975) estimate of 4Nm (#1,000).
e Nucletide diversity (#1,000).
f Tajima’s (1989b) D statistic.
g Because we could not determine haplotypes across the entire region in the Italian sample, the 5′ variation was not classified as either FY*A
or FY*B.
chromosomes. For example, the Beti have the highest
polymorphism levels among the African samples, and
they also show the two SNPs at nucleotides 69596 and
70628 in the 5′ region and the SNP at nucleotide 75872
in the Duffy gene region; these SNPs are also segregating
in the Italian sample. Conversely, the Mandinka have
the lowest polymorphism levels among the African sam-
ples and show no SNPs in common with the Italian
sample. This suggests that recombination between FY*O
and non-FY*O alleles, which must have occurred prior
to the disappearance of non-FY*O alleles, has been more
important than mutation has been, in the generation of
the heterogeneity of FY*O chromosomes in these pop-
ulation samples.
Tests for a Departure from Neutral Equilibrium
Under neutrality, the amount of intraspecies poly-
morphism at a locus is proportional to the amount of
interspecies divergence, since both are functions of the
same underlying rate of neutral mutation (Kimura
1983). Directional selection, in contrast, is expected to
reduce the level of neutral variation relative to the di-
vergence. The HKA test of neutrality is based on this
expectation (Hudson et al. 1987). It requires a neutral
reference locus for which both polymorphism and di-
vergence data have been obtained: under the null hy-
pothesis, data for both loci should be consistent with
the same estimates of effective population size and di-
vergence time. We have used intron 44 of the DMD locus
(M. W. Nachman and S. L. Crowell, personal commu-
nication) as the reference locus because divergence to
orangutan had been determined for this region; several
other polymorphism data sets are available with chim-
panzee as an outgroup, but the very low divergence be-
tween chimpanzee and human provides little power in
the HKA test (Kreitman 1991). By pooling across pop-
ulations and sequenced regions, we found, in the African
Duffy gene data, a significant departure from the neutral
expectation (table 3). We interpret this result as reflecting
a deficiency of polymorphism at the Duffy locus. When
individual African population samples are tested, P val-
ues are !.05 for all samples except the Beti ( ).P = .11
The Italian data, in contrast, are consistent with the null
model, as might be expected, since selection at FY*O
has not affected the Italian population.
Directional selection is also expected to generate a
frequency spectrum skewed toward rare alleles. This is
because a selective sweep is effectively a locus-specific
bottleneck followed by population expansion, creating
a “star” genealogy on which mutations will be dispro-
portionately present as singletons (Slatkin and Hudson
1991). Tajima’s D is a statistic based on the difference
between vw, which is based on the number of segregating
sites, and k, the average number of pairwise differences
between sequences. Under neutrality and equilibrium,
these two measures have equal expectations, and Ta-
jima’s D will be close to 0, but, after directional selec-
tion, the excess of singleton mutations will cause Ta-
jima’s D to be negative (Tajima 1989a, 1989b). In our
analysis (table 2), D values are positive for the Italian
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Table 3
Tests of Polymorphism and Divergence
DMDa DUFFYb
African European All Africans Beti Hausa Mbuti Pygmy Luo Mandinka Italians
Sample size 10 10 48 10 10 10 8 10 34
No. of segregating sites 14 10 8 5 2 3 2 2 13
P .03 .11 .02 .03 .03 .02 .47
a The total number of sites is 3,000; the divergence is 78. Data are from M. W. Nachman and S. L. Crowell (personal
communication).
b The total number of sites is 2,873 and consists of 1,931 sites at the Duffy locus plus 1,000 sites from the region 5′ to the
Duffy locus minus 58 sites absent in orangutan; the divergence is 86.
sample and are negative for the total African sample,
but only the Mandinka sample has negative D values
for both regions surveyed. Although the magnitude of
some of these D values is large, none of them is signif-
icantly different from 0. The power of Tajima’s D to
detect the effects of selection is weak when the sample
sizes and the numbers of segregating sites are small (Si-
monsen et al. 1995).
As discussed above, a selective sweep is expected to
result in an excess of singleton mutations. The Fu and
Li (1993) D statistic specifically tests whether the num-
ber of singleton mutations is consistent with neutrality,
given the total number of mutations. Of the African
samples, only the Mandinka, with two singletons, have
a D that approaches significance ( ; ).D = 21.808 P ∼ .10
None of the other samples shows a departure from the
neutral expectation.
Discussion
In most empirical population-genetic studies, theoretical
expectations are used to test a hypothesis about the data:
failure to reject the null hypothesis is taken as lack of
support for the alternative hypothesis. Here, however,
prior independent evidence had led to the conclusion
that directional selection had occurred at the Duffy lo-
cus. Therefore, in this study, we have contrasted our
empirical data to the predictions of a particular model
(i.e., selective sweep) of the effects that directional se-
lection has on patterns of linked variation. Our survey
of sequence variation around the FY*O mutation has
shown that directional selection has brought about a
significant reduction of polymorphism levels at the Duffy
locus and that the signature of natural selection appears
to extend >6 kb away from the selected site. Neverthe-
less, our results do not conform completely to theoretical
expectations for the pattern of variation at a locus that
has experienced a simple selective sweep. In fact, in ad-
dition to several low-frequency variants, we observe two
major haplotypes at intermediate frequencies.
Prior evidence for directional selection on the FY*O
allele comes from the unusual and well-documented pat-
tern of geographic differentiation: the FY*O allele is
essentially fixed in much of sub-Saharan Africa, al-
though it is virtually absent in non-Africans. In addition
to its striking geographic distribution, the FY*O allele
is associated with complete resistance to vivax malaria.
Although there is some uncertainty as to whether the
agent that drove the FY*O allele to fixation in sub-
Saharan Africa was indeed P. vivax or some other path-
ogen (see below), the role of selection is not in question.
In addition, a predicted gene with 45% protein-se-
quence similarity to the mouse BL2 gene (a member of
the immunoglobulin superfamily) recently has been
identified as being closely linked to the Duffy locus. No
experimental studies have been done on either the
mouse BL2 gene or its human homologue; if functional,
these genes may encode cell adhesion molecules. On the
basis of the available data, it is hard to rule out the
possibility that an advantageous mutation at this neigh-
boring gene was the true target of selection and that
the FY*O allele merely “hitch-hiked” to fixation. How-
ever, in light of all the evidence, it seems more likely
that selection acted on the FY*O mutation itself. For
the purposes of this discussion, we assume that this is
the case, although definitive proof remains to be ob-
tained.
Since vivax malaria is prevalent in much of Asia, and
since there appear to be no deleterious effects of the
FY*O mutation that would cause selection against it
in all other populations, the fixation of this allele pre-
sumably occurred subsequent to the major human mi-
grations out of Africa. This puts an upper limit of
∼60,000–100,000 years (Watson et al. 1997; Jorde et
al. 1998 and references therein) on the age of the se-
lective event. Population-genetics theory predicts that
such a recent (i.e., 0.3–0.5N generations) selective
sweep should leave a marked signature in the genomic
region surrounding the target of selection. Variation is
expected to be reduced compared with that in other
parts of the genome, and mutations that do occur are
expected to be at low frequency, resulting in a negative
Tajima’s D (Simonsen et al. 1995). In agreement with
these expectations, our survey of sequence variation at
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Figure 3 Possible minimum-mutation networks of the haplo-
types observed in 1,931 bp of sequence around the FY*O site in Af-
ricans and Italians. Numbers in the circles denote the observed hap-
lotypes. Representative individuals for each haplotype are from table
2: 1 = Beti individual 5; 2 = Beti individual 16a; 3 = Beti individual
18b; 4 = Mandinka individual 511b; 5 = Mbuti Pygmy individual1036;
6 = Italian individual 1; 7 = Italian individual 11a; 8 = Italian individual
2a; 9 = Italian individual 7a; 10 = Italian individual 4a; 11 = Italian
individual 3a; 12 = Italian individual 9b; 13 = Italian individual 4b.
The sizes of the circles are proportional to the haplotype frequencies.
Ticks on a lineage represent mutational events; dashed lines represent
possible recombination events. Network I shows the entire genealogy
for the Duffy gene region, whereas networks II and III show only the
genealogy of the FY*O haplotypes. In network I, the FY*O mutation
is assumed to have occurred once, and mutations at nucleotides 75082
and 75337 are assumed to have occurred on one lineage of the FY*O
branch, along with a recombination event at nucleotide 75872 (shared
with FY*B). In network II, mutations at nucleotides 75082 and 75337
are assumed to have occurred on an FY*B lineage that gained the
FY*O allele through a gene-conversion event. Other possible networks
involving multiple recombination events are not shown. In network
III, a second FY*O mutation is assumed to have occurred on a different
FY*B haplotype.
the Duffy locus has shown that variation is significantly
reduced in the Africans as a whole, over a region that
extends 6 kb away from the mutation. Although Afri-
can populations typically harbor ∼50% more genetic
diversity than is seen in Europeans, the Duffy region in
a sample of 34 Italian chromosomes is two- to threefold
more variable than that in a sample of 48 African
chromosomes.
Other aspects of the data, however, are not consistent
with a simple selective-sweep model. In fact, the Man-
dinka population sample is the only one that looks like
a textbook case of a selective sweep: only two mutations
were observed, each occurring in a single individual,
producing a strongly negative Tajima’s D and a signif-
icant reduction in variation according to the HKA test.
In contrast, two population samples failed to show
strong evidence of selection at the Duffy locus when
they were analyzed separately: the Mbuti Pygmy sample
has a strongly positive Tajima’s D, whereas the Beti
sample fails to reject the neutral expectation by the HKA
test. These apparent discrepancies in the data correlate
with the presence of two major haplotypes in the Duffy
region. For example, in the Mbuti Pygmy sample these
two haplotypes have approximately equal frequencies,
leading to a relatively high proportion of intermediate-
frequency variants (and, hence, to a positive Tajima’s
D). Conversely, only one of the two major haplotypes
is observed in the Mandinka sample and in the Hausa
sample, leading to the expected reduction of polymor-
phism levels as well as to the skewness in the frequency
spectrum of variation.
The relationship of the FY*O haplotypes to each
other and to their ancestral FY*B alleles is ambiguous.
Possible explanations for the occurrence of two major
FY*O haplotypes include mutation accumulation and
drift, recombination, gene conversion, recurrence of the
FY*O mutation, and/or population structure (e.g., see
the study by Slatkin and Wiehe 1998). Any of these
possibilities violates the simplifying assumptions of the
selective-sweep model. In figure 3, we present three min-
imum-mutation networks, including all the haplotypes
for the Duffy gene region only (1.9-kb sequence survey),
from all the population samples. These networks rep-
resent three possible (but not exhaustive) scenarios for
the origins of the two major haplotypes. In network I,
the ancestral FY*O haplotype has undergone a recom-
bination event, a nucleotide substitution, and an inser-
tion/deletion event, generating the second major hap-
lotype. The other two networks explain the presence of
two major FY*O haplotypes as being the result of either
a gene-conversion event (network II) or recurrent mu-
tation (network III), both involving the site of the FY*O
mutation. For the two latter scenarios, the absence of
a donor chromosome may appear problematic. How-
ever, most of the variation linked to the FY*B allele has
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been lost from the African populations because of the
selective fixation of the FY*O allele. Such lost variation
may include the hypothetical donor chromosome; thus,
it is not necessarily surprising that this chromosome was
not observed in our samples.
The requirement for a donor chromosome in net-
works II and III implies that generation of the two major
haplotypes by either gene conversion or recurrent mu-
tation must have occurred prior to the selective fixation
(as opposed to the beginning of the selection process)
of the FY*O allele—that is, while FY*B chromosomes
were still present. Even if network I is correct, three
events are more likely to fall on one branch if both
FY*O haplotypes were generated prior to selection and
the intermediate haplotypes were lost by drift. Given
that the FY*O mutation is recessive, the period of se-
lection is likely to have been preceded by one of effective
neutrality when the allele(s) was present only in het-
erozygotes. Substantial amounts of variation may have
accumulated in this preselection phase. (This period of
effective neutrality also violates the haploid or additive
selective-sweep model, in which a new advantageous
mutation is immediately subject to positive selection.)
Therefore, regardless of which of these scenarios is
correct, any of the events that account for the presence
of two major haplotypes almost certainly occurred prior
to the fixation of the FY*O allele. In contrast, the three
low-frequency variants (nucleotides 74890, 75915, and
75956) probably arose after the fixation. Therefore, the
age of the selective episode (as opposed to the age of
the FY*O mutation) is likely to be more accurately re-
flected by the low-frequency, rather than the interme-
diate-frequency, variants. If we assume, therefore, that
only the three low-frequency variants have occurred
since the time of selection, we can use those variants to
obtain a rough estimate of the age of the selection on
FY*O. We assume a star-shaped genealogy, as expected
after a sweep: all the branches share a common ancestor
at the time of fixation, and no coalescences have oc-
curred since then. This star genealogy has 47 branches,
one for each of the FY*O chromosomes surveyed (we
count the two chromosomes of Mbuti Pygmy individual
1036 only once, since the homozygosity of the rare mu-
tation at nucleotide 75915 in this individual suggests
nonrandom mating). In the Duffy gene region (1,931
bp), there are three mutations falling on the 47
branches, and, hence, the average branch length is 3
mutations/47 branches = 0.0638 mutations/branch. We
assume a mutation rate of 54 nucleotide substitutions/
( ) million years divergence time between hu-2 # 14
man and orangutan (Goodman et al. 1998)—that is,
mutations/year. Thus, the average branch261.93 # 10
length, in years, is 0.0638 mutations/branch/1.93 #
mutations/year = 33,075 years/branch. Under the2610
assumption that the mutational process follows a Pois-
son distribution, the 95% confidence interval is
6,500–97,200 years.
A selective sweep occurring !97,200 years ago is con-
sistent with hypotheses about human migrations out of
Africa, migrations that are thought to have occurred
∼100,000 years ago, although more-recent migrations
also may have occurred (Watson et al. 1997). If the
FY*O allele had been fixed in Africa 1100,000 years
ago, it would be present in significant frequencies in
non-African populations today, unless it had experi-
enced strong negative selection. There is some evidence
that infection with vivax malaria may be advantageous
in regions of high incidence of falciparum malaria, per-
haps because it provides limited immunity to subsequent
infection with P. falciparum (Williams et al. 1996). Fur-
thermore, another study has shown that density-depen-
dent regulation of parasite populations may result in
inhibition of infection by P. falciparum simultaneous
with infection by P. vivax (Bruce et al. 2000). However,
these effects do not seem to be strong and are unlikely
to explain the near absence of FY*O outside sub-Sa-
haran Africa.
Whether a selective sweep occurring 33,000 years ago
is consistent with the origins of malaria as a serious
selective pressure in human evolution is less clear. Most
hypotheses about the history of malaria in human pop-
ulations have focused on falciparum malaria, which
causes more mortality than does vivax malaria. The low
diversity in malaria-resistance alleles such as b-thalas-
semia suggests that they are relatively young (Hill and
Motulsky 1999), and it has been argued that falciparum
malaria became an important human disease only after
the development of agriculture, when human popula-
tion densities increased (Livingstone 1984). This argu-
ment may not apply to vivax malaria, however, which
can have an incubation period of 6–9 mo and which
may relapse for as long as 3 years after exposure (Har-
inasauta and Bunnag 1998). Thus, vivax malaria is
much less dependent on high host density and may have
been an important cause of morbidity long before ag-
riculture (Coluzzi 1996).
Although our estimates of the time of fixation of
FY*O may be consistent with selection by vivax ma-
laria, this explanation may still be questioned. On the
basis of both the likely origin of P. vivax in Asia and
the present-day distributions of vivax malaria and the
FY*O allele, Livingstone (1984) argued that it was the
prior fixation of the FY*O allele that fortuitously pre-
vented the establishment of P. vivax in sub-Saharan Af-
rica, rather than the opposite. This argument suggests
a possible parallel between the FY*O allele and the
CCR5-D32 deletion (Hill and Motulsky 1999). In the
case of CCR5-D32, an unknown selective agent in the
past is proposed to have caused an increase in frequency
of the mutant allele, which happens, by chance, to con-
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fer resistance to HIV-1 today (Stephens et al. 1998).
The FY*O mutation could have a similar his-
tory—namely, that its frequency increased because of
selection by a pathogen other than P. vivax. Receptors
that are exposed on the surface of blood cells, such as
the Duffy antigen and CCR5, are targets for exploita-
tion by many pathogens (Pease and Murphy 1998) and
may be subject to periodic episodes of selection by dif-
ferent agents.
The characterization of the signature of natural se-
lection also may have important implications for the
use of SNPs in disease-mapping studies. SNP-based ap-
proaches require the availability of a dense map of
highly polymorphic markers, and, therefore, processes
that affect the amount and distribution of sequence var-
iation in the human genome are of great interest. Our
study of the Duffy locus has shown that the number of
polymorphic sites can be substantially reduced because
of directional selection, even if the assumptions of the
simple selective-sweep model are violated. This effect
extends to the entire length (6 kb) of the surveyed re-
gion, suggesting that disease-mapping studies involving
a region that experienced directional selection may be
hampered by the low levels of variation. In addition,
because the selective pressures differ across populations,
levels and patterns of variation may show dramatic dif-
ferences across populations, as a direct result of natural
selection. In fact, at the Duffy locus, the non-African
populations show different and more numerous SNPs
than do the African populations, suggesting that SNPs
identified by the screening of non-African samples
would be of little use in the analysis of patients of Af-
rican origin.
Most studies of human genetic variation have focused
on deleterious alleles that are associated with disease.
Our study of the Duffy locus has demonstrated the im-
portance of another class of mutation, the targets of
directional selection, and provides the first picture of
the signature of that selection. Already it is clear that
this signature may be complex—and that other loci will
need to be characterized in order to have a full under-
standing of the process of directional selection. In ad-
dition, more-realistic models, notably those that incor-
porate recombination and population structure, need to
be developed. These studies promise to provide impor-
tant insights into the evolutionary history of our species.
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